Sequential chromatin immunoprecipitation (SeqChIP) is a procedure in which formaldehydecrosslinked, protein-DNA complexes from living cells are subjected to two sequential immunoprecipitations with antibodies of different specificity. SeqChIP has been used to address, in a qualitative manner, whether two proteins can simultaneously co-occupy a stretch of DNA in vivo. Here, we expand on our earlier work and describe theoretical and practical considerations for performing and interpreting SeqChIP experiments in a quantitative manner. We provide a detailed experimental procedure for designing and performing SeqChIP experiments as well as experimental examples of the three possible outcomes: full co-occupancy, no co-occupancy and partial co-occupancy. In some cases of partial co-occupancy, the order of immunoprecipitations in SeqChIP can strongly influence the outcome. We experimentally confirm a quantitative parameter that provides a measure of co-occupancy of two proteins on a given region of DNA and provide information on how to interpret the results of SeqChIP experiments. Our quantitative treatment of SeqChIP data substantially expands the usefulness of the technique for elucidating molecular mechanisms in vivo.
INTRODUCTION
Chromatin immunoprecipitation (ChIP) is a widely-used and powerful method for assaying protein-DNA interactions in vivo (1) . In this technique, live cells are treated with formaldehyde to generate reversible crosslinks between protein molecules and DNA sequences located in close proximity on the chromatin template. Crosslinked chromatin is sheared by sonication to reduce DNA fragment size, and the resulting material is immunoprecipitated with an antibody against a desired protein, modified peptide (e.g. to detect acetylated, phosphorylated or methylated versions of a protein), or epitope (in situations where the protein of interest is epitope-tagged). DNA sequences that associate with a given protein (or modified variant) are selectively enriched in the immunoprecipitated, but not the input, sample. Typically, the amounts of specific genomic regions in control and immunoprecipitated samples are determined individually by quantitative PCR following the reversal of protein-DNA crosslinks, although other quantitative approaches have been employed. In addition, ChIP can be combined with microarray technology to identify the locations of specific proteins on a genome-wide basis (2) (3) (4) (5) (6) (7) (8) . ChIP has been successfully used in a wide variety of organisms (e.g. bacteria, yeasts, flies, worms and mammalian cells) to analyze many different biological phenomena involving protein-DNA interactions.
Standard ChIP experiments provide quantitative information about the relative level of association of a given protein with different genomic regions. By comparing the results of multiple conventional ChIP experiments, the relative occupancy levels of different proteins at genomic regions can be determined. However, standard ChIP experiments do not address whether two proteins simultaneously occupy a given DNA sequence. The observation that two proteins associate with a given genomic region might reflect cooccupancy, but it also could indicate that the two proteins associate with different populations of DNA molecules. For example, if two proteins associate with a given DNA sequence in a mutually exclusive manner, standard ChIP experiments will nevertheless indicate that both proteins associate, perhaps even with a constant occupancy ratio over different binding sites. More generally, there are many potential situations in which it is critical to determine the extent to which two proteins co-occupy a given DNA sequence.
Sequential chromatin immunoprecipitation (SeqChIP; also referred to as Re-ChIP, ChDIP, double ChIP) has been used to ascertain whether two proteins can simultaneously associate with the same genomic region in vivo (9) (10) (11) (12) (13) (14) (15) (16) . In SeqChIP, protein-DNA complexes from the first immunoprecipitation are subjected to an additional immunoprecipitation with an antibody of a different specificity. The crosslinks of these doubly immunoprecipitated protein-DNA complexes are then reversed, and the DNAs are analyzed by quantitative PCR in an analogous manner to conventional ChIP samples. In general, SeqChIP has been used to qualitatively address whether two proteins co-occupy a given genomic region, but the results have not been interpreted in a quantitative fashion. In our previous work, we developed an initial approach for treating SeqChIP experiments in a quantitative manner, and used this approach to demonstrate that cellular stress alters the transcriptional properties of Mot1-TATA-box binding protein (TBP) complexes in yeast cells (16) . Here, we expand on our earlier work to develop a comprehensive theoretical and practical method for measuring the co-occupancy of two proteins on a given region of DNA in a quantitative manner. Our quantitative treatment of SeqChIP data substantially expands the usefulness of the technique, particularly in elucidating molecular mechanisms involving multiple proteins that can associate with the same genomic region.
MATERIALS AND METHODS

Antibodies, peptides and oligonucleotides
Antibodies used in this work include those directed to the HA epitope (F-7; Santa Cruz Biotech), Myc epitope (06-549; Upstate Biotechnology), TFIIA and TFIIB (17) , TBPassociated factors, TAF6 and TAF12 (kindly provided by Michael Green), and RNA Polymerase II (8WG16; Covance). Peptides encompassing the HA1 epitope (YPYDVPDYA) and Myc epitope (EQKLISEEDL) were synthesized and purified (>95%) by reverse-phase high-performance liquid chromatography by American Peptide Company (www.americanpeptide.com).
Oligonucleotides were designed with Oligo 6.6 (www. oligo.net) in order to minimize primer dimers and other secondary structure concerns. Most primers were 22-28 bases in length and had calculated T m s between 53 and 56 C. Oligonucleotides were synthesized by Integrated DNA Technologies (www.idtdna.com) and were typically used without further purification. Amplification products were between 100-300 bases in length, and typically encompassed the TATA box/core promoter sequences. Primer sequences for individual genomic regions are available on request.
Cell growth, crosslinking and chromatin preparation
Cultures (400 ml) of LK25, a Saccharomyces cerevisiae strain containing a TBP allele tagged at the N-terminus with three copies of the HA1 epitope and a MOT1 allele fused to nine copies of the Myc epitope at the C-terminus (18) , were grown at 30 C in casamino acids medium containing 2% dextrose to an optical density of 0.6 at 600 nm. Crosslinking was accomplished via the addition of 11 ml of 37% formaldehyde (1% final concentration) for 20 min at room temperature. The cultures were then quenched with 60 ml of 2.5 M glycine for 5 min at room temperature, and yeast cells were collected by centrifugation. The supernatant was discarded, and the cell pellet was then washed once with 250 ml ice-cold Tris-buffered saline and once with 10 ml FA lysis buffer (0.1 M NaCl; 50 mM HEPES-KOH, pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate and 0.1% SDS). Pellets were resuspended in 5 ml FA lysis buffer (0.1 M NaCl) containing 2 mM phenylmethylsulfonyl fluoride, and $1.2 ml aliquots were dispensed into 2.0 ml screw-cap tubes previously filled to three-fourths of the volume with 0.5 mm silica-zirconia beads (BioSpec). Special care was taken to minimize air bubbles in the tubes. The four tubes, each one containing $1 · 10 9 cells, were secured in Mini Bead Beater (Biospec) and disrupted with six three-minute cycles at the highest setting at 4 C. In between the cycles, samples were cooled for 1-2 min in an ice-water bath. The liquid containing cellular debris ($5 ml) was split into three microfuge tubes and was centrifuged for 10 min (13 000 g, 4 C). The supernatant was discarded, 1 ml of FA lysis buffer (0.1 M NaCl) was added to each tube, and the samples were sonicated 3 times (30 s continuous pulses at 20% power in a Branson Sonifier equipped with a micro-tip probe) at 4 C, with 1 min cooling in an ice-water bath in between pulses. Sonicated samples were centrifuged for 15 min (13 000 · g, 4 C) to remove insoluble debris. The supernatants were pooled, diluted to $5 ml total volume with FA lysis buffer (0.1 M NaCl), and frozen on liquid nitrogen in 1 ml aliquots.
Single and sequential chromatin immunoprecipitation
Chromatin from $0.5 to 1 · 10 9 cells (1 ml chromatin aliquots as isolated above) was incubated with 5-20 ml of antibody and 20 ml of protein A-Sepharose for 90 min at room temperature on a rotating wheel. Protein complexes were either washed six times with FA lysis buffer (0.1 M NaCl; mild washes; F7 and 9E10 antibodies) or three times with FA lysis buffer (0.1 M NaCl), once with FA lysis buffer (0.5 M NaCl), once with ChIP wash buffer (10 mM Tris-HCl, pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% Nonidet P-40 and 0.5% sodium deoxycholate) and once with TE (stringent washes; for all other antibodies). In the experiments described here, >50-75% of the protein in the original extract was immunoprecipitated, as determined by western blot analysis.
Precipitated complexes were eluted either by a 30 min incubation (at 30 C) with an epitope-specific peptide (100 ml of a 1 mg/ml solution in Tris-buffered saline; F7 and 9E10 antibodies) or via a 10 min incubation with 100 ml of ChIP elution buffer (50 mM Tris-HCl, pH 7.5, 10 mM EDTA and 1% SDS) at 68 C (all other antibodies). At this point, 10 ml was removed from each sample (except those not used for SeqChIP) for subsequent analysis of the first immunoprecipitation. Samples not used for SeqChIP were decrosslinked (2 h at 42 C followed by 6 h at 68 C) in 500 ml volume of 2-fold diluted ChIP elution buffer containing 0.8 mg/ml Pronase. After crosslink reversal, the samples were extracted once with phenol/chloroform and once with chloroform. DNAs were precipitated with ethanol in the presence of glycogen carrier, washed once with 70% ethanol, air-dried and resuspended in a final volume of 150 ml TE for use in subsequent analysis.
For SeqChIP, eluates (90 ml) were incubated (90 min at room temperature) in the presence of 25 mg/ml phage l DNA, 5 mg/ml BSA(Fraction V; Sigma), 50 mg/ml Escherichia coli tRNA, 5-20 ml antibody and 20 ml protein A-Sepharose in a total volume of 1 ml FA lysis buffer (0.1 M NaCl). In an effort to make the second immunoprecipitation similar to the initial one, and to reduce background due to nonspecific sticking to beads of the very limited material from the first immunoprecipitation, we experimented with a number of different carriers, including chromatin from other yeast species and various sources of carrier DNA. An advantage of chromatin from other yeast species is that one can monitor the amount of unrelated DNA through the procedure by using appropriate PCR primers. However, in this study we routinely used phage l DNA, as it did not require the time-consuming preparation typically associated with non-S.cerevisiae yeast chromatin purification. The washes, elution and crosslink reversal following the second immunoprecipitation were carried out exactly as described above, with samples immunoprecipitated (the second time) with F7 or 9E10 antibodies receiving mild washes and peptide elution; all other samples were washed stringently and were eluted with heat in ChIP elution buffer. Eluted samples were extracted and precipitated exactly as described above. DNAs were resuspended in 150 ml TE for real-time quantitative PCR (QPCR) analysis.
Although epitope masking could theoretically affect the results of standard and SeqChIP experiments, there are few, if any examples in which epitope masking is locus-specific. Moreover, in many experiments including those presented here, immunoprecipitation is very efficient (>50-75%), and virtually all protein is crosslinked to DNA (this includes crosslinking to specific and non-specific genomic regions, and there is very little free protein. Epitope masking is unlikely to occur in experiments involving proteins containing multiple epitope tags that are unstructured and probably not in contact with protein or DNA that might occlude an antibody. Epitope masking is unlikely to have a significant effect in experiments using polyclonal antisera raised against full-length proteins or large protein domains, which typically contain a mixture of antibodies with specificities to different parts of protein. Finally, epitope masking can affect a SeqChIP experiment only in the specific, and very unlikely situation where both crosslinked proteins are required for antibody occlusion.
Quantitative PCR in real time
Quantitative PCR of the DNA samples described above was used to assess the extent of occupancy (or co-occupancy) at different genomic locations. Prior to PCR, input DNAs were 1:1000 diluted (relative to the first IPs) in TE. Each PCR reaction contained 2 ml of template DNA [either IP ($1/75th of each immunoprecipitated sample) or input ($1/75 000th of each immunoprecipitated sample, or $10 000 genome equivalents], 3 ml of primers (final concentration of 1 mM) and 5 ml of 2 · SYBR Green reaction mix (1). Quantitative PCR was performed on Applied Biosystems 7000 and 7700 instruments using a 10 min soak at 94 C followed by 40 cycles of 30 s at 94 C, 30 s at 53 C and 30 s at 72 C. Threshold cycles (C t ) were determined as recommended by the manufacturer's software and discussed in more detail elsewhere (1) . For each amplification product, the NET C t was determined using the formula NET C t = C t (IP) À C t (Input). Fold occupancy (f ) of any given region X over the POL1 control is given by f = 1.9[ NET C t (POL1) À NET C t (X)]. The base value of 1.9 is an empirically derived average from hundreds of individual experiments and represents a remarkably consistent (-0.05) approximation of the amplification efficiency in this procedure. For short amplification products, this value is primer-and amplification sequence-independent. Occupancy values presented here represent an average of at least three independent experiments and have an error of approximately -25%.
RESULTS AND DISCUSSION
Possible outcomes of SeqChIP experiments
Outcomes of SeqChIP experiments can fall into one of three categories: (i) complete co-occupancy, (ii) no co-occupancy or (iii) partial co-occupancy of the two factors (A and B) being tested ( Figure 1 ). Complete co-occupancy occurs when two proteins always associate with the same DNA fragment, and neither factor is found on the DNA in the absence of the other. No co-occupancy occurs when A and B associate with the same genomic region in vivo but can do so only on mutually exclusive sub-populations of DNA fragments. In the case of partial co-occupancy, some DNA molecules have both A and B, while others have only A and/or only B.
There are two types of partial co-occupancies ( Figure 1 ). First, DNA binding of protein B always occurs in combination with protein A, whereas protein A can associate with DNA in the absence of protein B. For example, promoter binding by yeast TAFs depends on the TBP, yet TBP is found at many promoters that lack TAFs (17, 19) . Second, A and B can bind independently of one another to a given genomic region, but the proteins may co-occupy the same stretch of DNA in only a fraction of the cases. This second possibility may occur when two DNA-binding proteins do not interact with other and recognize different target sequences in an enhancer or other transcriptional regulatory region of a eukaryotic promoter.
Fold-enrichments and the nature of experimental background in SeqChIP experiments
The basic measurements in ChIP and SeqChIP experiments involve the fold-enrichments of 'target' genomic regions (e.g. an active promoter) to 'non-target' or control genomic regions (e.g. an intergenic region or coding region of an inactive gene).
The experimental values for the control genomic regions are usually considered as experimental background. However, two separate components contribute to this experimental background.
One such experimental background can arise from the nonspecific precipitation of DNA fragments that are either not crosslinked to proteins or are crosslinked with nuclear proteins not specifically targeted for immunoprecipitation. This background is frequently due to non-specific 'purification' by the antibody, protein A, or the agarose-based resin, and can occur even though those fragments are not associated with the protein being specifically precipitated. The extent to which this type of experimental background would be a problem largely depends on the avidity/affinity of the antibody toward the antigen and the conditions employed in the immunoprecipitation (e.g. stringencies of washes, elution conditions, etc.). Specific steps taken to minimize this type of background can include longer antibody-antigen incubation times, more stringent washes of bound complexes and optimized elution with epitope-containing peptides or protein fragments. Ideally, and often in practice, DNA fragments not crosslinked to the immunoprecipitated protein make a minor contribution to the overall experimental background.
A second experimental background in SeqChIP experiments can arise when the protein of interest gets crosslinked to genomic DNA in a non-sequence-specific manner. Such crosslinked material can arise from random collisions between the protein and DNA in the nucleus and/or true non-sequencespecific association of the protein. The extent to which nonspecific DNA crosslinking contributes to the experimental background depends on both the average length of sheared DNA fragments and on the relative binding affinities to nonspecific versus specific DNA sequences, which vary widely among proteins. Importantly, background due to non-specific protein-DNA crosslinking is an intrinsic feature of SeqChIP. It generally represents the major form of experimental background in SeqChIP, and it cannot be eliminated by varying the experimental procedure. As a consequence, meaningful information cannot be obtained from control experiments involving two sequential immunoprecipitations involving the same protein. In essence, the second immunoprecipitation largely re-purifies the same material (i.e. both crosslinked control and target regions), and it normally results in no change in fold-enrichments.
Theoretical predictions for fold-enrichments in SeqChIP experiments
The key concept for quantitating SeqChIP experiments is that the final fold-enrichment of the sequential ChIP should be equal to the product of the fold-enrichments of the individual ChIPs, if two proteins completely co-occupy DNA (12, 16) . In this regard, the immunopurifications involved in SeqChIP are analogous to sequential biochemical purification steps or fold-stimulation of a biochemical process by two independent events. Importantly, this concept relies only on the assumptions that in vivo formaldehyde crosslinking events are independent and inefficient.
Formaldehyde crosslinking of proteins to DNA is inefficient, with maximal crosslinking efficiencies for individual proteins typically ranging between 1 and 10% (1, 20) . As the physical crosslink of A to DNA is independent of the physical crosslink of B to DNA, most DNA molecules Figure 1 . SeqChIP experiments have three different outcomes: complete co-occupancy, no co-occupancy, and partial co-occupancy. In full co-occupancy, proteins A and B always co-occupy promoters; neither one is found bound to a particular region without the other. No co-occupancy occurs when DNA binding of A and B is mutually exclusive. Partial co-occupancy has two distinct states: in the first, the binding of B is critically dependent on binding of A, but not vice versa. In the second state, both A and B can bind DNA independently, but may or may not be simultaneously bound on the same DNA fragments.
crosslinked to A will lack a similar physical link to protein B (and vice versa) even when proteins A and B always co-occupy a region of DNA. Hypothetically, extremely efficient protein-protein crosslinks between A and B (or crosslinks involving a common intermediary protein) could yield SeqChIP values that are significantly more than the product of the individual ChIPs. However, protein-protein contacts per se do not generate ChIP signals and as such play a secondary role relative to direct protein-DNA contacts. Furthermore, substantial experimental evidence presented here and elsewhere (16) validates these key concepts.
The theoretical results of a SeqChIP experiment are calculated as follows (Figure 2 Figure 2A ), the fold-enrichment in a SeqChIP equals the product of the individual ChIPs, and fold-enrichment is not affected by the order of the individual ChIPs (AB = BA). For no co-occupancy (X = 0 and Y = 0; Figure 2B ), the fold-enrichment in the SeqChIP is within experimental error of the fold-enrichment of the first IP, and is also independent of the actual order of the IPs (AB = BA = 0). Partial co-occupancy occurs when the foldenrichment of a SeqChIP is significantly higher (in practical terms, this is often considered to be 2-fold) than the foldenrichment of the first ChIP, but significantly lower than the product of the two ChIPs ( Figure 2C ). Unlike the examples above, the order of the individual IPs can matter in cases of partial co-occupancy (AB " BA). In fact, partial co-occupancy will always be the result if two proteins do not completely co-occupy DNA, even though it might be experimentally observed only in one direction under special circumstances (see below).
In cases of partial co-occupancy, the order of individual ChIPs makes a difference ( Figure 2C ). Furthermore, partial co-occupancy will be observed in only one direction when X = 1 and Y is small; i.e. factor A always co-occupies DNA with factor B, but only a small proportion of B molecules co-occupy with A molecules ( Figure 1C ). When DNA-crosslinked A is immunoprecipitated first, most or all of those molecules will also have B associated and hence will benefit from the second IP. In contrast, when B is immunoprecipitated first, only a small percentage of molecules will contain A, so that the second IP will not add much fold-enrichment to the already highly enriched pool of B-DNA molecules.
To illustrate the importance of the order of individual ChIPs in cases of partial co-occupancy, consider an example in which X = 1, Y = 0.1, A = 10, B = 50. In this case, the predicted foldenrichments are 50 when the A ChIP is first and 95 when the B ChIP is first. When the A ChIP is first, the SeqChIP value of 50 represents a 5-fold enrichment over the A ChIP, which indicates partial co-occupancy as it is well below the theoretically predicted maximal co-occupancy value of 500. However, when the B ChIP is first, the SeqChIP value of 95 is <2-fold enrichment over the individual B ChIP, and hence is within experimental error, making it impossible to distinguish partial co-occupancy from experimental background. In contrast, in situations where both X and Y are both significant (e.g. each being 0.5), the predicted SeqChIP values are 130 if the A ChIP is first and 150 if the B ChIP is first, indicating that partial co-occupancy should be observed in both directions. Even though partial and full co-occupancy results are definitive in one direction, the examples above underscore the importance of performing SeqChIP in both directions (e.g. A first then B and vice versa), as lack of co-occupancy in one direction is not necessarily indicative of no co-occupancy. 
A quantitative metric of protein co-occupancy
We define a measure of SeqChIP efficiency (C; in percent) that is related to the extent of partial co-occupancy between two proteins. A C-value of 100 is defined as complete co-occupancy, a value of 0 is defined as no co-occupancy, and intermediate C-values represent partial co-occupancy. Specifically, C = 100(AB À A)/(A Á B À A), where AB represents the fold-enrichment for the sequential ChIP and A and B represent the fold-enrichments for the individual ChIPs. The value A is subtracted from both AB (SeqChIP result) and A Á B (product of the individual ChIP results), because A represents the contribution of the first IP and as such does not represent sequential IP enrichment per se. When the order of IPs is reversed (B ChIP is first, A ChIP is second), C is calculated according to the formula C = 100(BA À B)/(B Á A À B).
In cases of partial occupancy, efficiencies are dependent on the order of individual IPs (as AB " BA), which in turn means that typically C AB " C BA . From the above example where X = 1, Y = 0.1, A = 10, and B = 50, C AB % 8 (C BA is undefined SeqChIP enrichment over the first ChIP is within experimental error), a low partial co-occupancy value. When the X and Y values are 0.5 each, then C AB % 24 and C BA % 29, indicating substantial partial co-occupancy between factors A and B. Thus, aside from providing information on the extent to which two proteins occupy a given genomic region, this quantitative metric can be used to estimate values of X and Y and hence additional information about the nature of co-occupancy.
Considerations related to the relative locations of the two proteins associated with DNA Our analysis of co-occupancy is best suited for two proteins with binding sites that are spaced closely together (<100-200 bases apart). As sonication of crosslinked chromatin produces a randomized population of fragments that average 400-500 bases in length, inter-site spacing of significantly >200 bases will result in a substantial proportion of DNA fragments that contain one binding site but not the other. For proteins that always co-occupy a given DNA region, but whose sites are separated significantly >200 bases, the outcome from a standard SeqChIP experiment will appear to be partial cooccupancy, because the percentage of fragments containing both sites will be significantly lower than if the sites are close together. To investigate co-occupancy of two proteins whose binding sites are separated by several hundred bases, sonication times should be decreased so that the average fragment length after sonication is 1.5-2 kb, and PCR primers should be designed so that amplification products encompass both binding sites if possible. However, these modifications will result in higher background as well as lowered signal. These considerations do not reflect any inadequacy of the theoretical treatment of SeqChIP experiments described above, but rather the fact that proteins that associate with DNA sequences too far apart from one another will not often be found on the same DNA fragments generated by sonication or other fragmentation methods.
Experimental validation
To validate the above theoretical treatment of SeqChIP data, we performed co-occupancy experiments for situations related to the RNA polymerase II transcription machinery for which detailed biochemical and structural information is available. It has been strongly suggested that basic components of the Pol II machinery completely co-occupy promoters (17, 20, 21) . In accord with this prediction, SeqChIP experiments involving pairwise combinations of TBP, TFIIA, TFIIB, and Pol II at the PGK1 promoter show complete co-occupancy in all cases tested, with an average C-value remarkably close to 100 ( Figure 3A) . As expected, TBP and TFIIB do not co-occupy a tRNA promoter transcribed by RNA Polymerase III (Pol III) since TFIIB binding to this promoter is <2-fold above background. On the other hand, no co-occupancy of Mot1 and TFIIA is observed at the PYK1 promoter when the SeqChIP is performed in either direction ( Figure 3B ; C = 0), even though both Mot1 and TFIIA exhibit considerable binding to this promoter individually. The lack of co-occupancy by Mot1 and TFIIA is in accord with their functional antagonism in vitro (22) (23) (24) and their competitive binding to the solventexposed surface of TBP (25) . Finally, we observe varying degrees of partial co-occupancy between TBP and TAFs depending on whether the promoter is TAF-dependent or TAF-independent (17, 19) . C-values for TAF6-TBP and TAF12-TBP co-occupancies at TAF-dependent promoters range from 33 to 50, whereas C-values for TAF-independent promoters are 2-to 3-fold lower ( Figure 3C ). Partial cooccupancy between TBP and TAFs is expected, because distinct TBP complexes lacking TAFs can associate with promoters (18, (26) (27) (28) . Furthermore, the difference in TBP-TAF co-occupancy values at TAF-dependent and TAF-independent promoters is consistent with previous genetic and molecular observations (17, 19) , and it provides strong evidence for a direct correlation between the magnitude of C and extent of co-occupancy. More extensive SeqChIP analysis of the cooccupancy behaviors of TBP, TFIIB, TFIIA, Pol II, TAFs and Mot1 demonstrate that cellular stress alters the transcriptional properties of promoter-bound Mot1-TBP complexes, and are presented elsewhere (16) .
Practical experimental considerations
To apply SeqChIP in a quantitative manner as described above, it is essential that the individual immunoprecipitations are efficient, and that the fold-enrichment for a given protein is equivalent when the immunoprecipitation is first or second. Ideally, both individual immunoprecipitations should yield >5-fold enrichment of target sites over non-target sites in order to unambiguously resolve instances of partial cooccupancy from cases of full (or no) co-occupancy. It is highly recommended to perform SeqChIP experiments in both forward (A-B) and reverse (B-A) directions. Although technically unnecessary in the cases of complete co-occupancy, performing SeqChIP in both directions will provide compelling evidence of complete co-occupancy, and will permit unambiguous differentiation between states of partial and no cooccupancy in the event A-B do not fully co-occupancy the DNA fragment being studied.
To demonstrate that the first and second immunoprecipitations are equivalent, it is critical to have a positive control involving two proteins that are known or strongly suspected to completely co-occupy genomic regions and hence give C-values = 100 in the control experiment. It is best, although not always possible (or practical), to individually design positive control experiments for every protein analyzed by SeqChIP. In the examples described above, the positive controls for the partial co-occupancy of TBP and TAF6 are the complete TBP-TFIIB and TAF6-TAF12 co-occupancies at the same genomic sequences. While the actual positive controls are determined on a case-by-case basis, tightly associated polypeptides or subunits of multiprotein complexes as determined by biochemical studies will often be good choices. It is also possible to use some of the protein combinations described here and elsewhere (16) as general controls for the SeqChIP procedure, depending on the availability of antibodies or epitope-tagged strains. As discussed in the section on the nature of experimental background, control experiments involving sequential immunoprecipitations involving the same protein are inappropriate, because re-purification of the same material normally does not change the fold-enrichment. In contrast, sequential immunoprecipitations involving two subunits of a multi-protein complex results in increased foldenrichments described by the theoretical treatment above, because the two purification steps involve different classes of DNA molecules due to the low crosslinking efficiency of the two proteins.
CONCLUSION
Quantitative SeqChIP is a powerful technique for examining co-occupancy of two proteins in vivo. It has three distinct outcomes that are now both theoretically and experimentally defined: no co-occupancy, partial co-occupancy and complete co-occupancy. SeqChIP efficiency provides a quantitative measure of the extent of partial co-occupancy between two factors at any given sequence. With recent advancement in microarray technology, it should be possible to apply quantitative SeqChIP on a genome-wide scale to study a wide variety of biological phenomena. 
